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Abstract
Many enteric bacteria, including Escherichia coli, produce and secrete the amino
acid metabolite indole. Of particular interest is the surge of indole production upon
stationary phase entry, which has been to shown to affect cell division, growth, and longterm viability. The aim of this project was to explore indole-mediated entry into stationary
phase by observing the behavior of mutants that are able to grow in inhibiting
concentrations of indole. Using a classical Adaptive Laboratory Evolution protocol, E. coli
mutants that are resistant to inhibiting levels of indole were generated. The growth and
behavior of the resulting mutants were observed alongside a wild-type E. coli strain and a
Tryptophanase mutant that is unable to produce indole. To explore the behavior of the
mutants, experiments studied the timing of stationary phase entry, the production of indole
by the cells, and the sensitivity of strains to synthetic indole. It was discovered that the
mutants entered stationary phase at a lower density than the wild-type strain. These
mutants also produced indole at a lower density, and were therefore less sensitive to
synthetic indole addition. Since the behavior of the mutants suggests that genes affecting
indole-mediated stationary phase were altered, these experiments provide a greater
understanding of the persistence of indole-producing Enterobacteria. Indole production
upon entry into stationary phase appears to assist these bacterial species in long-term
survival. Thus, interruption of this process may serve as an effective future antimicrobial
target.
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Introduction
Indole is a potent signaling molecule produced by more than 85 distinct species of
bacteria (Lee & Lee, 2010). Among these is the Gram-negative, rod-shaped Escherichia coli.
Indole is produced by an enzymatic reaction in which Tryptophanase converts the amino
acid tryptophan to indole and biproducts pyruvate and ammonium. In biofilm
environments, such as those found in the gastrointestinal tract, small molecules like indole
are crucial to the cell-cell communication that promotes survival (Di Martino et al., 2003).
Indole is also important for numerous survival mechanisms such as plasmid stability, spore
formation, and drug resistance (Lee & Lee, 2010).
Recent studies have shown that a surge of indole produced when E. coli enter
stationary phase is responsible for changes in cell growth and long-term viability. It had
previously been shown that cell growth and division were affected by supernatant
concentrations of indole reaching 3-5 mM. However, when E. coli was grown in LB broth,
supernatant concentrations were maximized at 0.5-1mM (Li & Young, 2013). It was
therefore unclear how this low indole concentration could be relevant to stationary phase
entry. A breakthrough was achieved when Gaimster et al. showed that a large surge of
intracellular indole occurs upon stationary phase entry (Gaimster, 2014). Indole cannot
exit the cell at the same rate at which it is produced, and thus the cell transiently
experiences indole concentrations far superseding those needed to affect cell growth and
division. When an indole-producing E. coli strain was grown alongside a non-indoleproducing bacterial strain, it was observed that the indole-producing E. coli culture entered
stationary phase at a lower culture density and had greater long-term viability over the
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course of several days than the non-indole-producing strain. It is suggested that indole
signals the cell to slow growth and enter stationary phase before nutrients are fully
depleted, thus preserving remaining nutrients to support long-term growth.
The present work seeks to obtain a mutant bacterial strain that has an altered
response to indole. A classical Adaptive Laboratory Evolution (ALE) protocol will be used
to produce the desired mutants. Growth and behavior of the generated mutants will be
observed, with particular focus on indole production and synthetic indole sensitivity.
Growth will be specifically monitored during entry into stationary phase, as this is
the point at which the indole pulse occurs. Stationary phase entry occurs when levels of
nutrients are no longer suitable for exponential growth to occur (Llorens et al., 2010).
During stationary phase, an equilibrium exists between cells that are dividing and those
that are dying (Pletnev et. al., 2015). Stationary phase can be identified by a stabilization in
optical density as compared to exponential phase. A bacterial culture can be said to be
entering stationary phase when the slope value of logarithmic growth markedly decreases
and approaches zero.
To explore the proposed aim, three experiments will be completed. 1) The timing of
stationary phase entry will be compared between isolated mutants, wild-type, and a
tryptophanase minus mutant (TnaA2). It is expected that our isolated mutants will have
altered stationary phase entry, due to mutations in genes related to indole-mediated
stationary phase entry. 2) In order to directly tie the entry of stationary phase to the
production of indole by the cells, qualitative measurements will be completed to observe
indole production. Since indole can freely diffuse out of the cell, intracellular indole
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production will increase the supernatant concentrations of indole in a measurable way
(Bean et al., 1968). A Kovac’s assay will be used to show increased extracellular indole
concentrations upon entry to stationary phase. It is expected that indole production timing
will correlate with timing of stationary phase entry. 3) To provide further support, another
experiment will be conducted in which the cells will be exposed to synthetic indole during
approximately the same time that indole is produced by the cell. During late exponential
phase, the cultures will be split and a low concentration of synthetic indole will be added to
one set of flasks. The resulting differences in growth between the flasks receiving indole
and the control flasks will be observed. It is hypothesized that sensitivity to synthetic
indole will be affected by altered stationary phase entry.
The conclusions obtained through these experiments will provide a greater
understanding of the persistence of indole-producing enterobacteria, many of which are
pathogenic. Because indole production upon entry into stationary phase appears to assist
these bacterial species in long-term survival, interruption of this process may serve as an
effective future antimicrobial target. This type of antimicrobial drug would be unique
because it would selectively target indole-producing bacteria, preserving other beneficial
populations within the body.
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Methods
Generation of Mutants
A classical ALE protocol was used to generate mutants able to survive in LB agar
supplemented with 4.25mM, which had previously been found to inhibit all growth.
Methylnitronitrosoguanadine (MNNG) was used to induce point mutations.
Analysis of Growth
2 mL overnight cultures from TSA plates were prepared in LB broth and incubated
for 18 hours at 37°C. Following incubation, the cultures were standardized and 100-300 µL
of each overnight culture was added to 10 mL LB broth in the corresponding flask. Flasks
were incubated for 7 hours, and absorbance measurements were taken every 15 minutes
using a Klett Colorimeter.
Qualitative Assessment of Indole Production
Culture flasks were prepared as described above and the absorbance reading was
recorded every 15 minutes once time = 2 hours was reached. Also beginning at time = 2, a
100μL sample was extracted from each flask every 15 minutes. The sample was mixed with
50µL Kovac’s reagent and visually assessed to approximate the status of indole reaction. To
qualitatively measure the Kovac’s reaction, a ‘+’ system was used. A sample with no
reaction was given a ‘-', and a sample with the maximum color change was given a ‘++++’.
Intermediate samples were given a ‘+’, ‘++’, or a ‘+++’, depending on the amount of color
change. Known mutant TnaA2 was used as a negative control since the strain is unable to
produce indole.
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Synthetic Indole Addition
Culture flasks were prepared as described above except that the components were
doubled to give total flask volumes of 20-mL. Absorbance readings were taken every 15
minutes beginning at time = 2 hours. When a flask reached an absorbance value between
70 and 90 Klett units, 10 mL of the culture was transferred to a new flask. This new flask
was given 10 µL of indole, for a final concentration of 0.001 M. For the remainder of the
timepoints, absorbance values of both flasks were recorded. To analyze the data, percent
differences were found between the flask receiving indole and the control flask for each of
the 10 timepoints following the addition of indole. The percent differences for these time
points were averaged to give an average percent difference.
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Results

Figure 1. (a) 7-hour growth of E. coli mutants M8 and M11 alongside wildtype E. coli (n=4). Growth is
measured in Klett units on a log scale. (b) Hours 2-6 of 7-hour growth curve are presented with wildtype and
TnaA2 mutant removed for simplicity.

Growth curves presented in Figure 1 show that strains M8 and M11 enter stationary
phase at a lower density that the wildtype, but at a similar density to one another. Figure 1a
presents the 7-hour growth curve. The TnaA2 mutant strain, as expected, enters stationary
phase at a slightly higher density than the wildtype strain. Both M8 and M11 enter
stationary phase at a lower density than the wildtype. Figure 1b shows that the
approximate inflection point denoting stationary phase entry occurs at a similar culture
density for both mutants, suggesting that these mutants differ from the wildtype only in the
rate of exponential growth, not in the timing of stationary phase entry.
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Figure 2. Indole produced by the wildtype strain is plotted alongside its growth curve from hours 2-5 (n=2).
Strength of Kovac’s reaction is given by ‘+’ markings on the secondary axis.

Endogenous indole production occurs at a lower culture density in mutants M8 and
M11 as compared to wildtype. In Figure 2, the production of indole for the wildtype is
presented alongside its growth. When the first Kovac’s test was completed at time= 2
hours, the wildtype culture sample was already producing a small positive reaction,
presumably due to the small amount of indole production that occurs normally in the cells.
Around 3 hours, the supernatant indole concentrations began to increase. The ‘+++’ result
occurred at 101 Klett units, and the ‘++++’ result (maximum reaction) occurred at 136 Klett
units. Figure 3 shows the indole production by mutants M8 and M11. Again, both cultures
exhibited a small positive Kovac’s test due to normal indole production and diffusion. For
M8, the maximum result of ‘++++’ occurred at 95 Klett units. M11 gave a similar result, with
the ‘++++’ result at 105.5 Klett units. Both mutants reached a maximum indole result at a
significantly lower culture density than the wildtype.
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Figure 3. Indole produced by the strain is plotted alongside its growth curve from hours 2-5 (n=2). Strength
of Kovac’s reaction is given by ‘+’ markings on the secondary axis. Figure includes data for (a) M8 and (b)
M11.

Figure 4. Curves from flasks receiving 0.001M indole are plotted against those which did not receive
synthetic indole. The figure plots growth for hours 3-7. Growth curves for (a) wildtype and (b) TnaA2 strains
are presented.

Figure 4 presents the flask receiving synthetic indole plotted alongside the control
flask for both the wildtype and TnaA2. The wildtype and TnaA2 strains had average
percent differences of -11.40 and -11.25 Klett units respectively. Maximum percent
difference values for both strains were recorded 1.75 hours after synthetic indole addition.
Figure 5 plots the percent differences values for M8 alongside the percent difference values
for wildtype. M8 gave an average percent difference value of -10.41, with the maximum
percent difference at the final observed timepoint, 2.5 hours after indole addition. Figure 6
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compares percent differences for wildtype and M11. The average percent difference for
M11 was -8.47. Similarly to M8, the greatest percent difference was observed at 2.5 hours
after indole addition.

Figure 5. Percent differences for the 10 timepoints following indole addition are presented for wildtype and
M8. The final observed timepoint is 2.5 hours after indole addition.

Figure 6. Percent differences for the 10 timepoints following indole addition are presented for wildtype and
M11. The final observed timepoint is 2.5 hours after indole addition.
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Discussion
Evidence suggests that the mechanism of indole mediated stationary phase entry
was altered in the mutants, leading to early entry to stationary phase and corresponding
indole production and sensitivity. When the growth of the mutants was plotted alongside
the growth of the wildtype and TnaA2 strains, it was observed that both mutants entered
stationary phase at a lower culture density than the wildtype. This suggests that the
mechanism controlling bacterial entry to stationary phase was altered during the
production of the mutants. Since indole has been shown to be important to stationary
phase entry in E. coli, it was likely that the production of indole during stationary phase
entry had been altered as well. Mutants M8 and M11 were found to produce indole at a
lower culture density compared to the wildtype. The timepoints of maximum Kovac’s result
correlate strongly with timing of stationary phase observed in the initial growth curves.
These results link early production of indole with early stationary phase entry, providing
evidence that the early stationary phase entry is related to altered indole production.
Indole sensitivity tests also support this claim. Mutants M8 and M11 were less sensitive to
synthetic indole addition that the wildtype and TnaA2 strains. Based on information
suggesting that the mutants produce indole and enter stationary phase early, it is likely
that the mutants had already begun to produce the indole needed to induce stationary
phase entry at the time that the synthetic indole was added. Thus, they were less affected
by the addition than the wildtype strain.
The results of this experiment indicate that genes affecting indole-mediated
stationary phase entry were successfully altered during the production of the mutants. It is
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possible that these genes include those related to amino acid metabolism, cell transport,
cell division, or perhaps other genes currently not known to play a role in stationary phase
entry. Due to mutagen exposure during the ALE protocol, it is likely that numerous other
genes were affected, some of which are related to growth. Mutations in genes other than
the target genes is a likely explanation for the dissimilar rate of exponential growth
observed for mutants M8 and M11.
These experiments could be improved by the development of quantitative methods
for determination of stationary phase entry and indole production. To calculate stationary
phase entry with precision, an algorithm could be created to analyze the sigmoidal curve
exemplified by bacterial growth. Precise detection of the upper inflection point would allow
for more accurate determination of stationary phase entry. These methods could also be
improved by using a quantitative method to analyze the indole production by cells. Rather
than the ‘+’ system, an assay could be created and Kovac’s reaction could be quantified by
measuring the absorbance at some optimized wavelength. A specified protocol for the
dilution and measurement of the Kovac’s reaction would need to be developed.
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Conclusion
Mutants M8 and M11 were able to grow in inhibitory concentrations of indole,
presumably due to acquired mutation in genes affecting indole-mediated stationary phase
entry. Entry to stationary phase at a lower culture density, early indole production, and
reduced sensitivity to synthetic indole support the hypothesis that the target genes were
affected. Although current literature has shown that some species of bacteria produce
surge indole upon entry to stationary phase, and that this “pulse” results in increased
growth and viability, the genes governing this process have not been identified in the
genome. Without further knowledge of these genes, study of indole-mediated stationary
phase entry is limited, and therapeutic targeting of these pathogenic organisms will be
difficult to develop. Genetic sequencing of the mutants M8 and M11 would provide a set of
genes altered in both mutants that would likely contain the genes of interest. This set of
genes could then be systematically reduced by genetic knockout procedures until genes
governing indole-mediated stationary phase entry were identified. These experiments have
developed a method of creating and testing mutants which can be used to systematically
identify the genes related to this biologically relevant process.
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